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XHXKODUCTXON 

Although  aggregates  found  in  particle  composites  such  as  bituminous 
concrete^  port  land  eaajent  concrete  and  untreated  granular  csaases  are 
sometimes  described  by  summation  of  volumes  and/or  surface  areas^ 
usually  gradation  by  sieve  size  t.s  employed  as  a  primary  guide  In  combit 
and  designing  mixes  for  different  service  conditions.  It  has  bean 
recognized  that  equal  grading  by  sieves  and  batching  by  weights  do 
not  assure  similar  bulk  properties  «!um  dealing  with  diverse  types  of 
naturally  occurring  (gravel)  a-  seed  (crushed  rock,, 

etc.       jatas.  Yet,  ::he  Ai  articles  by  measux 

parameters  of  a  g  availed  because  definitions  of 

descriptive  characteristics  su  face  area,"  or  "surface 

roughi 

:he  least:  number 
iters  for  i  regates)  which 

Sictive  to  the  bulk  behavior  of  particle  composites  with 
and  ■: 

The  work  .:  i:ed  recks  without  a 

binder,  .  I  ,  emphasis  in  the 

laboratory  work  was  placed  ca  'one-sis  i,  which  may  be 

repr .      La  certain  eubl  »rses  in 
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a  number  of  studies  to  characterise  pieces  of  rock  have  been 
tsade..  The  sain  factors  of  apparent  importance  which  have  esserged  era: 
a)  particle  geo&etry  (sometimes  called  shape  or  sphericity),  b)   angularity 

■(roundness)  and  c)  surface  roughness  (texture).  There  are  two  recent 

•  1 
and  informative  summaries  by  Gronhi  her  (2)  based  on  about 

two  hundred  references  discussing  the       parameters,  k   limited 

number  the  Bibliography.  In  the 

,  the  isain  emphasis  was  placed  on  a  quantitative 

Lbs  particle  geometry 4  volume,       face  roughness 

ior  in  h 

ipe  of  an  aggregate 
t  the  time  when  it.  is  usad:  rock;  b)   geologic 

l)  (3)  m)   (5)  (6). 
iced  So  picture  a  piece  of 
les,,  equidimensioaals) . 
icle  dire.:;       y  £  so-called 

s1         "Z  (I) 

iameter  of  a  same  volume  as  the 

he  loss  l';  °£  t^a  particle.     Further  improve- 
ment iicle  is  achieved  by  ui 
three  aedium  (©) 
diraeni             9)  (10)  (11).     For  insi                             3esignatioa  G-125 

"*  Numbers"  in  "'pares 


the  ratios  of  £/m   (  £/w)  and  va's   (w/t)  are  adapted  to  classify  rock 
pieces  into  four  categories  ranging  from  "flat"  to  "elongated."  The 
values  of  the  ratios  for  differentiating  between  the  various  classes 
are  set  arbitrarily. 

s  raeasureaaent  of  three  "diameters"  of  a  particle  suggests  the 
geometric  form  of  an  ellipsoid.  This  idea  offers  a  great  deal  of 
flexibility.  The  possibility  of  using  an  ellipsoid  has  apparently  not 
been  much  explored.  M&ckey  (12),  in  connection  with  his  work  on  radii 
of  curvature  measurements p  uses  the   coat       i  perfect  ellipsoid  and 
the  dej      departure  frosa  this  shape. 

in  balk,  the  effect  of  aggregate  ah&i^o 
has  I. . .  isesreherj      e  the  shape  f&ecor 

each  as  angularity^  ?:. 
rough,'.  las,  it  is      Jit  to  judge  the  true 

influence  of  particle  |  c  proper 

This  may  account:  also  for  the  apparent  cor  t  2d  by 

■}  (2). 

r  Roundness 
:;~  often  described  in  qualitative  terms 
such  ;..  r,  subrounded5  rounded  or  wall -rounded  (13/ * 

Another  xo:;e  quantitative  w.      >.  scribing  roundness  is  to  ta.k-2   the 
ratio  of  the  average  radius  of  curvature  (r)  of  the  corners  (n)  to  ehe 

sribad  circle  (s)  of  the  rock  piece  (ll 

Roundness  ■  ~  .£.  §  (II) 

n    R 

Since  in  the  case  of  crushed  angular  pieces  she  radii  of  our 

rid  difficult  to  tjeasure  accurately^  actual  ztx'iXzs   of  eke 


sharp  edges  can  be  determined  in  addition  to  the  radii  of  the  rounded- 
off  corners 

7:a  addition  to  the  above  direct  methods  of  measurement,  experii&ental 
determinations  have  been  made  using  mssses  of  particles  for  relative 
comparisons.  These  include  refined  sieving     through  calibrated 
•openings,  measurement  of  voide  in  bulk,  measurement  of  angle  of  repose 
sad  others.   The  results  are  varied  and  angularity  appear©  to  be 
alaics!*.  always  confounded  with  change  in  particle  shape  and  roughness., 
Furthermore ^  the  measurement  cf  angularity  as  such  cannot  be  used 
directly  to  calculate  or  predict  any  affects  on  the  behavior  of 
particles  in  bulk.  These  effects  havs  to  be  determined  experimentally. 

.|urfage_Te%ture 

The  existence  of  surface  texture  or  rouglaasss  of  aggregate  surfaces 
is  easy  to  grasp  but  hard  to  measure .  One  way  to  express  roughness 
quantitatively  is  by  using  mean  surface  and  deviation  from  it  (17)  • 
There  care  several  publications  on  surface  texture  and  finish,  including 
devises  and  methods  for  measurement  (13)  (17)  (18)  (19)  (20).  There 
appears  to  be  no  definite  agreement  on  classification  of  roughness  except 
in  qualitative  terms  (rough,  smooth,  furrowed,  grooved,  scratched, 
ridged,  pitted,  dented,  striated,  frosted,  etched,  etc.).  Measurement 
of  actual  surface  area  of  a  certain  polished  and  rough  limestone  has 
shown  that  the  rough  area  was  about  three  times  greater  than  the 
polished  area  (21) «  Blanks  (22)  has  pointed  out  that  there  are  two  kinds 
of  surface  roughness:  abrupt  and  undulatory. 

^*The  reader  is  again  referred  to  references  (l)  and  (2)   for  a  more 
detailed  discussion  of  this  subject* 


A  sisaple  quantitative  method  for  measuring  surface  roughness  for 
smooth,  level  surfaces  has  been  proposed  by  Bikenaaa  (26).  Ee  coated 
flat  sawed  rock  plates  with  asphalt,  asraped  the  excess  down  to  the 
steeie  and  used  the  amount  of  asphalt  left  as  an  indicator  ©f  surface 
roughness  (and  absorption). 

^S^Ig^iteLJj^CJ!;^J^.^M-jS!^^i|Jg4 
At  least  intuitively,  the  shape  or  geometry  of  an  aggregate  piece 
is  a  separate  parajaeter.  There  is  a  question,  however,  whether 
angularity  and  roughness  do  not  overlap,  especially  in  the  case  of  crushed 
rock.  Sronhaug  (l)  proposes  to  combine  angularity  and  testers  (roughness) 
into  one  term:  form.  Another,,  possibly  unifying,  tena  would  be  rugosity,  (17)  ■ 
Here  the  adjective  "ruggedj*  which  steads  for  rough,  uneven,  jagged, 
ridged,  or  wrinkled,  aeeras  to  be  applicable  to  irregular  particles  of 
aggregates,  (it  tsay  also  encompass  soae  of  th®  surface  voids  of  the 
rock) . 

pherieity  and  roundness  suggests  a  geeeral  tread  to 
equate  or  cosspare  irregular  particles  with  spheres-  Porosities  (n)  or 
voids  In  a  asass  of  perfect  spheres,  packed  in  a  certain  order  are  well 
known  (2k),     Three  eases  for  oae-sise  spheres  axe  given  here,1-. 
siasple  cubical  packing 


a  => 


id3  c4  x  4  * 


[b)     cubic  tetrahedral  packing 

n  »  1  -  |  d3  ,r  ~J~  K  I  ~  I|   =  i  -  .g©5  »  .395  (39.53 

d  n 


(c)     densest  packing  -  tafcrahedral 

*  -  1  -    f  <*3  (~^_*  JxJ)       "  1  -   °7*»©  «  .260  (26.0£) 

»  f2 

For  randomly  packed  spheres  and  Irregular  particles,  the  porosities  usually 
vary  between  the  loose  and  the  dense  case. 

Sliding. Friction  Between  Particles 
During  packing  of  rocks,  either  by  gravity-flow  or  by  some  mode  of 
densification  such  as  vibration,  soee  relative  movement  between  particles 
may  take  place.  The  actual  contest  area  between  two  particles  (rough  or 
smooth.)  is  small  and  in  the  order  of  about  0.01  percent  of  the  apparent 

contact  area  (23) •  For  two  hard  rod:  pieces: 

F  -  W  ~  (III) 

where   F  a  force  to  drag  one  particle  along  the  surface  of  another 

H  *  load  oa  the  particle  (contact) 

8  »  shear  resistance 

y  a  yield  value 

The  ratio  s/y  should  be  nearly  independent  of  the  nature  of  the  rock 

,     for 

itself,  since  s  and  y  tend  to  vary  together.   Thus/rocks  w:'.th  clean 

surfaces,  the  force  F  should  be  dependent  oa  the  load  only.  In  other  words,, 

a  mass  of  ©ne-sisse  particles  subjected  to  Identical  load  $  (compaction) 

a 
should  respond  in /similar  manner. 

Free, Fall , and  Viteatory  Compaction 

From  physics,  the  velocity  in  free  fall  neglecting  air  friction  is 


V  *  yigx 
3  Adamson  (23),  page  332  argues  this  point  for  metals « 


where   V  *»  velocity  of  particle 

g  *  gravitational  constant 

x  »  distance  of  fall 

In  other  words,  if  two  masses  of  particles  are  "pourecl"  from  identical 

heights  into  a  container g   their  velocities  will  be  about  the  same 

regardless  of  the  individual  particle  mass. 

In  vibratory  compaction  (sinusoidal)  B'Appolonia  (25)  claims  that 

the  peak  acceleration  in  g*$  1b  Important  and,  in  order  to  get  noticeable 

compaction,  acceleration  ever  one  g  is  necessary.  The  useful  equation  for 
relating  frequency  and  amplitude  to  acceleration  is: 

where  f  *■  frequency,  cps 

a    a  acceleration  in  g*s 
A  »  peak  amplitude 

Sagfjary  ]  of  Literature 

Xa  this  brief  survey  only  selected  groups  of  references  were  recalled. 
These  are  concerned  primarily  with  concepts  relative  to  measurement  of 
particle  properties  and  behavior.  No  attempt  has  been  made  to  go  into 
a  discussion  of  published  data  based  on  experimental  evidence  involving 
several  factors  at  the  same  time. 

The  su?rvay  of  the  literature  has  made  it  apparent  that? 

(a)  There  is  no  unified  agreement  on  the  parameters  of  importance 
for  quantitative  characterisation  of  rock  psrtieles=, 

(b)  There  is  a  need  to  find  and  tie  in  such  characteristics  to 
the  behavior  of  particles  with  different  compositions  and  siaes  in  bulk 
(bulk  densities,  flow  characteristics,  etc.). 

*"Since"  equafcTLolair ia  Reference  (25)  has  a  minor  error  and  no  derivation 
is  given,  it  is  derived  in  Appendix  1  of  this  paper. 


IS 

This  section  describes  the  background  reasoning  leading  to 
laboratory  measurements  and  particle  packing  volume  as  a  proposed  useful 
concept  when  dealing  with  an  aggregate  masts.  The  main  emphasis  is  placed 
on  mcnovolutce  (one-sise)  particles,  about  k9  O.k  and  ©.Cft  cc  ia  volume 
(3A,  3/8  and  1/8  inch  "sise"). 

Particle  Voltage-  Ellipsoid  Geometry 

The  bulk  volume  of  a  number  of  particles  in  a  container  is,  among 
other  things?  a  function  of  the  volume©  of  each  of  them,.  To  start  with, 
it  is  assumed  that  the  volume  which  a  particle  cccugies  in  admass  of 
other  particles  largely  determines  the  density  and   the  voids  in  bulk  and 
that  therefore  this  volume  is  important  as  far  as  the  response  of  eh® 
composite  to  various  forces  ia  concerned.  The  problem  at  hand  is  to 
attempt  to  define  the  volume  i?f  a  particle,  especially  if  it  is  irregular 
in  shape  as  well  as  rough  (high  rugogit^)' 

la  order  to  define  the  volume  of  any  particle,  it  is  convenient  to 
have  a  geometric  form  which  lends  itself  to  numerical  description  and 
analytical  manipulation*  As  pointed  ov.t   in  the  literature  survey,  the 
measurement  of  long,  medium  and  short  dimensions  of  a  particle  is  not  a 
new  idea.  Since  in  the  field  of  aggregates  there  are  practically  no 
cubes,  spheres,  rods  or  other  regular  shapes,  why  not  try  to  fit  an 
ellipsoid  for  all  types  of  particles  as  a  geometric  form? 

The  volume  of  an  ellipsoid  is  simply: 


V  «  §  6ms  o  0«52U  £mc 


Packing  Volume  of  a  Particle 

All  surfaces  of  particles  possess  some  kind  of  roughness.  The 
peaks  or  asperities  of  'the  roughness  are  spaced  randomly.  For  example, 


If  two  pieces  of  crushed  limestone  are  in  contact  with  each  other ,  the 
peaks  and  the  valleys  will  n:»t  be  able  to  mesh  like  two  carefully  cut 
gears.  Instead,  the  particles  will  touch  one  another  at  the  high  spots, 
and  only  a  small  portion  of  the  areas  will  be  in  contact  (23) .  Therefore, 
the  volume  which  a  piece  of  rod:  occupies  in  a  mass  of  other  particles 
encompasses  not  only  the  volume  of  solids  and  internal  voids,  but  also  the 
volume  of  the  dips  and  valleys  ©f  the  particle  surface  which  may  be  called 
"outside  voids"  (see  Figure  la).  These  outside  voids  are  primarily  a 
function  of  the  rugosity  of  s  surface.  The  term  "packing  volume"  whan 
applied  to  a  particle  is  used  in  this  study  as  that  volume  which  the 
particle  occupies  in  a  rasas  of  particles  or: 

V  3  V  <-  V„  4-  V  (VII) 

where    V  *  packing  volume 
P 

V^  »  volume  of  solids  of  she  psrtlsle 

V  »  volume  of  interne!  voids 

V  -  volume  of  outside  voids  or  surface  irregularities 

The  packing  volume  can  be  pictured  a.3   a  volume  enclosed  by  a  dimaa3ionless» 
flexible  membran-3  stretched  along  the  surface  of  a  rock,  touching  the 
asperities  (Figure  la). 

It*  the  laboratory,  packing  volume  can  be  measured  by  immersing  &he 
rock  In  esphalt,  removing  the  excess  asphalt  down  to  the  peaks  of  the 
surface  and  weighing  the  piece  in  air  and  water  («ee  Figure  lb); 


rail 


where   S  «  total  weight,  rock  plus  asphalt,  in  air 

W  =  weight  in  water        ._ .  . .  _ 
w  ■••■.■ .  •--  ■     ■■--  ""••-  j   ' 

6  «  unit  weight  of  water 
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The  weight  of  a  rock  piece  to  give  a  certain  desired  packing  volume 
for  practical  application  can  be  derived  as  follows  (sea  Figure  lb): 

V  «  V  +  V  +  V  (IX) 

p    s    v    a  v  ' 


p  Gs+v   a 


W  -  88^V  <Vp  -  V 


where   V  s  internal  and  surface  voids  unfilled  with  asphalt 

7  =»  volume  of  asphalt  after  scraping 

H  ■  weight  of  dry  reck  piece 

G  .  ■  specific  gravity  of  solids  plus  voids  including  those 
J    under  the  asphalt  coating 

?  «  peeking  volume 

V  *  volume  of  colids  of  the  particle 
s 

The  volume  of  asphal?.,  V  ,  will  depend  on  the  surface  area  A  and 
surface  roughness  R  of  the  rock  piece.'  Therefore,  Equation  SI  can  be 
re -wr it tea: 

W  -  Gs+tf  (7p  -  AR)  (XII) 

This  simply  says  that  for  a  given  packing  voiuase  V  ,  the  weight  of  the 
rock  is  a  function  of  specific  gravity  G  .^ ,  surface  area  A  and  surface 
roughness  or  rugosity  R. 

The  equation  for  G  ,  is  : 

SttST 

gs-k«  e  ^T^r-ir  <=»> 

t         ,  W  J£ 

G  "  G 

w  a 


Surface  area  of  rock,  iia 
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where   W  «=  weight  of  the  rock  piece  (or  pieces) 

W  °  weight  of  the  rock  piece  +  asphalt  in  air 

W  a  weight  of  the  rock  piece  •$•  asphalt  in  water 

W  a  weight  of  asphalt 

G  «  specific  gravity  of  asphalt 

6  «  unit  waight  of  water 
w 

The  value  6  .  is  constant  for  a  given  aggregate  piece  provided 
a  certain  procedure  is  followed  just  as  in  any  teat  for  specif ic  gravity 
of  aggregates.  However,  if  two  laboratories  use  two  different  methods 
end  obtain  two  different  G  ,  values,  equation  XII  still  holds ,  3ince 
rugosity  R  changes  in  unison  with  G    (see  Figure  lb).  The  knowledge 
of  G^.     vs&y  be  useful  for  obtaining  rugosity  R  factors  without  resorting 
to  scraping o 

As  mentioned  in  the  literature  revisw,  for  a  given  aggregate  the 
surface  rugosity  R  is  higher  for  larger  pieces  as  compared  to  smaller 
ones.  During  crushing  operations  cracks  propagate  along  the  path  of 
least  resistance,  leaving  fin2  surface  roughness  cuperioposed  on  longer 
undulating  roughness,^  The  stualler  the  rockj,  she  less  the  inclusion  of  larger 
undulations  are  included  and  cha   smaller  should  be  the  rugosity  factor  R„ 
Grading  by n Sieves  and i gaekinj>  Volume 

Grading  by  sieves  alone  2oas  not  assure  good  control  of  particle 
packing  volucse.  The  volume  of  an  ellipsoid  is  V  a  tt/6   'jas  and  the 
medium  and  short  dimensions  are  primarily  responsible  for  passage  through 
a  square-hole  sieve.  The  relationship  between  sieve  opening  (size)  H 
and  the  magnitudes  of  s  and  s  to  pass  a  square  hole  is: 


In  reality  there  is  probably  a  continuous  distribution  of  fine  roughness 
going  into  undulations . 
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M  IE      + 

The  volume  of  such  a  particle  (ellipsoid)  srould  be 


B  •»  1/  m*  +  b2  (XIVJ 


V  =*  v  f  .ms 


m  «  — s™ 


from  equation  XIV 


>/?7 


■-/■: 


or 


-*2-g; 


Z  -  5  s  Y H  " & 

where  always  ^8. 

For  a  given  sise  H  and  value  S 

~  «  K  or  V  ~  K& 

This  shows  quantitatively  that  aggregates  passing  a  given  sieve 
(and  having  identical  m  and  s  values)  will  have  uncontrolled  volumes 
directly  proportional  to  the;  length  '1  of  the  rock  piece  (see  Figure  2). 
Thus  the  particle  volume  distributions  should  be  different  for  different 
rocks  of  identical  sieve  sise.  However,  for  a  given  aggregate,  it  should 
be  possible  to  use  sieve  grading  to  predict  volume  grading  through 
correlation  factors. 

Packing;  Densities  .of  Perfect_gl2ipspids 

Packing  densities  and  voids  (porosity)  for  perfect  spheres  under 
certain  configurations  have  often  been  used  for  comparisons  in  particle 
studies  o  The  volume  of  a  sphere  is  V  s7  d  ,  of  an  ellipsoid,  V  a  "k  lots* 
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For  the  case  of  ane»sise  smooth  spheres  In  simple  cubical  packings  the 
porosity  n  ■  ls-7.6  percent.  1£$  instead,,  ellipsoids  of  identical  &}  mB 
end  a  values  are  packed  in  a  similar  manner: 

n  -  1  -   |  €vm   (i  x  J  x  ^)   «  O.VyS  (fc?.6g) 

O        &    13    3 

For  spheres  in  cubie-tetrahedral  packing   n  »  39° 5  percent-,  and  for 
ellipsoids  in  similar  arrangemant^ 

a  .  1  -  f  ?ms  (-^x  J  x  J)   -  .395  (»-#) 

Finally 5  in  the  densest  tetrahedral  pricking  for  spheres  n  «  ££5.0$ . 
The  packing  for  ellipsoids  is  similar; 

n  «  1  -    I  &s  (™  x  -  x  -)      «  .afio  (afi.Cfc) 

&         ej'a"    ffi     9' 

From  the  above  calculations  it  is  apparent  that  dense^,  loose,,  and 
intermediate  packing  of  perfect  equidiffionsional  ellipsoids  give  voids 
(porosities)  identical  to  those  between  packed  spheres  (for  derivation 
of  the  above  equations  see  Appendix  2). 

So  far,  consideration  has  been  given  to  the  shape  (ellipsoid)  and 
rugosity  (surface,  roughness)  of  the  particle.  It  should  be  pointed  out 
that  rugosity  as  measured  by  scraping  may  also  be  influenced  by 
angularity  (the  more  angular  the  rock,  the  higher  the  rugosity).  Sharp 
corners  of  roeks  however;  are  not  accounted  for  in  Che  packing  volume 
concept o 

Bulk  Volumes 

Calculations  have  shown  that  volumes  of  voids  for  one-diameter 
spheres  and  equidinensional  elliposids  are  identical  under  ideal  packing 
conditions.  Since  the  ellipsoid  gives  a  good  approximation  for  the 
geometry  of  irregular  particles^  it  is  conceivable  that  the  particles  will 
also  pack  similarly  to  spherical  particles  in  a  composite. 


1U 

The  void  content  (or  porosity)   of   a  taass  ©f  snail  or  large  one- 
volume  particles  should  be  the  same,  regardless  of  the  type  of  rock  and 
shape  of  particle,  just  as  it  is  with  ideal  spheres;  Thus  the  ratio  of 
the  number  of  small  particles  N,  to  the  number  of  l&rg®  ones,  N0,  should 
be  indirectly  proportional  to  their  packing  volumes  V  .   and  V  °° 


h   V 


Nl  V  "  K£  V 

When  packing  or  compacting  different  kinds  of  particles,  identical 
procedures  are  necessary  to  obtain  comparable  results »  Thus,  for 
example,  when  a  mass  of  rocks  is  "poured"  into  a  given  mould  or  container, 
the  rocks  awst  be  deposited  from  a  similar  height  and  at  similar  rates 
of  speed  (12).  If  vibratory  compaction  is  used,  the  peak  acceleration 
must  be  identical  (25). 

Finally,  it  must  be  pointed  out  that  the  porosity,  or  voids,  as 
considered  here  ie  not  the  absolute  porosity  of  the  bulk  since  the  basis 
of  the  "solid"  volume  is  packing  volume,  which  includes  surface  roughness 
or  surface  voids*  Thus,  ona»volusne  rounded  gravel  and  crushed  stone  ©ay 
have  identical  packing  porosities  in  a  mass,  but  the  amount  of  liquid  such 
as  water  or  mercury  to  fill  the  aggregate  voids  would  be  greater  in  the 
case  of  the  crushed  limastone. 
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EXPERXMEHTAS.  WOSK 

The  reasoning  developed  by  theoretical  considerations  was  tested 
in  the  laboratory  using  three  types  of  rocks  (crushed  limestone,  crushed 
gravel,  and  rounded  gravel)  with  three  distinct  packing  volumes  about  one 
decade  apart  (k  cc,  0.4  cc  and  0*(&  cc).  In  terms  of  "sizes"  the  rocks 
were  about  3A,  3/8  and  1/8  inches  respectively  (see  Figure  3).  In  addition, 
comparative  measurements  were  made  using  1/2" inch  smooth  glass  spheres 
(marbles) .  The  surface  rugosity  and  geometric  shape  &ere  treasured,  packing 
volumes  were  calculated  and  weights  for  identical  bulk  volumes  were 
predicted  for  the  various  rocks  and  sizes.  Loose  bulk  volumes  and 
volumes  after  vibratory  compaction  were  measured  and  compared  to  check 
the  validity  of  the  packing  volume  concept. 

Peso  -p/t  lot^-ii  /;r?-^'^ J: 

The  three  aggregates  were  selected  on  the  basis  of  differences  in 
rugosity  (crushed  versus  rounded)  and  composition  (sedimentary  versus 
mixed).  These  three  types  are  also  frequently  used  in  highway  construction. 
The  crushed  gravel  and  the  rounded  gravel  came  from  the  same  source* 

It  is  apparent  that  one-size  or  one-volume  particles  esist  only 
in  thsory.  Even  smooth,  one-size  glass  spheres  (marbles)  do  not  have 
identical  diameters.  It  is  also  impossible  to  produce  one-volume  rock 
particlesj and  therefore,  the  three  categories  of  rock  volumes  are  actually 
mean  volumes  with  a  controlled  standard  deviation  and  about  equal  coefficient 
of  deviation* 

The  QoQk  cc  (1/8")  rocks  were  obtained  by  dividing  the  fraction 
between  sieves  Kokand  No.  6  into  portions  retained  on.  sieves  So.  5  and 
So,  6>  Then  these  two  fractions  were  combined  accordingly  to  get  similar 
coefficients  of  deviation,  D™,  for  the  three  types  of  rocks,  based  on 

*^7r^^^tan'da.r'd  Deviation       „__ 

HiveraieTSeiihT-  *  i00 
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weights  of  particles.  A  convenient  D  was  at  about  15  percent.  Similar 
handling  of  the  0.4  cc  and  k  ce  rocks,  using  appropriate  sieves,  gave 
a  desired  D  B  15  percent  in  each  case. 

Measurement  of  Rugosity  and  Packing  Volume 

As  mentioned  before  and  shown  by  Figure  lb,,  packing  volume  of 
particles  can  be  measured  without  the  numerical  da termination  of  rugosity. 
It  is  convenient,  however,  to  have  available  the  characteristic  relation- 
ship between  rugosity  and  different  particle  sises  (volumes)  for  a  given 
rock  because  it  provides  a  "basis  for  calculating  particle  packing  volumes 
and  weights  for  other  "sizes"  than  those  used  in  the  actual  determination 
(see  Equations  X  and  XIS).  Rugosity  value  is  also  needed  when  calculating 
the  amount  of  a  binder,,  such  as  asphalt,  to  be  raised  with  aggregate* 
The  primary  reason  for  measuring  rugosity  here  is  to  show  tiiat  it  adds  to 
the  particle  volume  in  bulk. 

Figure  k   shows  the  rugosity  as  it  changes  with  the  volume  of  each 
rock.  To  obtain  the  curves,  rock  pieces  were  drawn  at  random  from  a 
mass  .if  other  pieces  of  the  same  size  and  then  washed,  dried,,  weighed, 
and  heated  to  300  P  in  a  compartmentalized  container.  They  were  than 
covered  by  a  60-70  penetration  asphalt  at  300  F  for  thirty  minute®  after 
which  each  coated  rock  was  dipped  in  ice  water.  The  excess  asphalt  was 
scraped  off  each  piece,  down  to  the  peaks  of  roughness. 

The  scraping  was  done  ^ith  a  raaor  blade,  applying  its  straight  edge 
and  avoiding  use  of  the  corners  (26).   This  operation  was  tedious  and 


required  some  patience  and  skill.  After  scraping,  crushed  rock  and  rounded 

gravel  look  very  much  alike  except  for  some  sharp  angles  of  the  former . 

°  This  method  was  first  used  by  J.  E.  Bikerman  on  smooth  stone  plates. 
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The  particles  were  weighed  again  in  air  and  in  water g   giving  direct 
Kaasurement  of  their  packing  volumes .  Furthermore,  the  three  distensions 
(J,  m  and  s  for  each  rock  piece  were  measured  and  their  "membrase"  surface 
area  was  calculated  using  the  simplified  equation  of  prolate  spheroids: 

A  •»  |  x  d  (d  -  -*  sin"1  K_J 
where 

A  «  surface  area  of  particle  ("membrane"  area) 

a    2 

(2       ,2  1/2 
K  =  (-££"-/ 

In  practice  the  areas  for  each  rock  piece  were  obtained  using  a 
graph  identical  to  Figure  5  out  on  an  expanded  scale.  Using  the  above 
rugosity  values  were  calculated  for  different  sizes  and  kinds  of 
rocks  (Figure  k)i 

Rugosity  Q -   '  P    g  '  t"  L.9' '" 

surface  area  ox  rocK<,  co- 
She  eu,  •"£  aad  s  values  used  in  surface  area  calculations  for  each 
rock  were  also  useful  for  calculating  packing  volumes  and  comparing  thorn 
with  those  measured  by  the  water  displacement  method.  Statistical 
difference  analysis  indicated  that  direct  measurement  using  the  assumed 
shape  of  ellipsoid  is  in  goad  agreement  with  the  results  of  the  volume- 
by-wafcer-dispiiacesient  method  (for  detailed  analysis  see  Appendis  3)« 
This  may  suggest  anothar  method  for  measuring  packing  volumes  of  particles. 

In  ©rd^r  Co  determine  differences  in  the  shape  of  ellipsoids, 
comparisons  were  also  made  among.  <?/s,  if/ai  and  m/s  ratios  for  various 
fractions  of  the  same  rock;  they  are  shown  in  Figure  6.  The  curves 
indicate  a  slight  tendency  for  the  O.k  cc  reeks  to  have  higher  ratios 
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compared  to  the  smaller  and  larger  rocka  of  the  sasse  kind,     k  asaaarical 
ansly.  indicates  that  the  differences  do  out 


Sle\ 
aut  previously j  the  particle  volts  J  button  of 

2i"usi  rounded  gravel  (or  any  two  aggregates)  is  expected 

ii»v  '..a£  qh  «.  ■;  <  s&isc  f rft c fc 1 cm •     P 'i-f^^i^Q  "? 
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rugosity.     The  coated  rocks  were  then  placed  in  a  container 
00  as  to  obtain  about  equal  poroaiti&s-  sn  fchs  taacs  was  cooled 

to  0  Wf  the  rocka  separated  and  the  contact  points  counted.    An  example  of  a 
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distribution  curve  is  shewn  in  Figure  8.  Again.,  no  significant  differences 

in  number  of  contacts  between  the  kinds  and  sizes  of  recks  were  found 

(see  Appendix  5)«  "£t  -^   expected  that  the  number  of  contact  points 

increases  wit!  compaction  of  the  particles  (2&). 

Identical  Bulk  Volumes  with  Identical  £.V    of  Rocks 
• t     m      ,    ft 

As  given  by  equation  X.  the  packing  volume  V  of  each  individual 

P 

rock  cat;  be  calculated: 


slk  pecking  volume 


52,  V 

»artlclea  is: 

4  V 

11  »  =— «=— 

1 

The  total  weight  ..       uch  e.  mass  of  S3  particles  wo?;:! 


or 


^  ■  Gs+v  fa  "  ")  -^ 


Tsrmits  the  calculation  of  hew  much  by  weight  of  a  certain 

"sise"  of  rock  is  to  be  taken  to  obtain  a  given  packing  volume  S.  V  for 

p 

a  mass  of  particles. 

If  Equation  XvT  holds  and  if  sliding  friction  is  similar  with  the 
three  rocks  tested,  they  should  have  similar  bulk  volumes  for  identical 
^  V .  *£his  theory  was  tested  by  two  methods:  frea  fall  and  vibratory 
compaction. 


In  the  free-fall  method^,  identical ^,  ¥  of  the  three  rocks  and 

three  sizes  (nine  batches  altogether)  were  prepared  to  give  approximately 

85  cubic  inches  (l^GO  cc)  02  loose  bulk  volume.  The  drjj,  clean  rocks 

were  then  poured  into  a  cylindrical  container  5  inches  in  diameter  and 

5  inches  high  from  an  average  height  of  3  inches  and  within  a  etas 

interval  of  10  seconds.  The  resulting  bulk  volumes  were  then  determined 

for  each  of  the  rock  types  and  sises.  Graphical  comparisons  are  given  in 

Figure  9«  Statistical  analysis  showed  that  there  was  no  significant 

difference  in  bulk  volumes  thus  obtained. 

Xn  another  series  of  tests  sinusoidal  vibration  was  applied  to  the 

various  rocks  in  bulk  with  peak  acceleration  of  1.5  timas  gravity  and 

without  surcharge.  The  frequency  chosen  was  2D  cps  and  the  bulk-mass 

volumes  of  the  rocks  were  measured  at  1?  10  „  100  and  1000  cvcles  of 

full 
vibration.  The  results  are  summarised  in  Figure  10  and  the/analysis  is 

given  in  Appendix  6  for  the  cases  of  1  and  1000  cycles.  It  was  convenient 
here  to  compare  porosities  n  instead  of  bulk  volumes. 

Th£  measurements  again  showed  that  all  rocks  had  similar  densifieation 
trends.  The  'bulk  volumes  and  porosities  n  obtained  at  each  of  the  indicated 
cycles  were  similar  for  a  given  sum  of  packing  volumes  (  l£L  V  )  regardless 
of  rock  type  or  size;  this  was  expected  from  the  theoretical  considerations. 

As  an  additional  check,  1/2  inch  marbles  with  E  =  0  and  the  sans 

vLV  were  included  in  both  of  the  above  "compaction"  tests.  Marbles 
p 

behaved  similarly  to  the  various  one-size  rocks. 
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DISCUSSION  0?  RESULTS 

The  primary  goal  of  this  study  was  to  search  for  a  unifying  approach 
to  the  characterization  of  aggregate  particles  of  various  kinds  and 
sizes.  The  seeps  has  been  limited  to  three  types  and  three  sizes  of 
aggregates  in  the  coarse  aggregate  range. 

The  central  hypothesis  was  that  the  volume  which  a  particle,  large 
or  small,  angular  or  rounded ,  smooth  or  rough,,  occupies  ia  a  mass  of 
other  particles  is  an  important  character is lag  factor  es  far  as  bulk 
properties  under  a  defined  "compaction"  are  concerned.  The  test  results 
she?        rticle  T?Gcking_volume  concept  is  useful  in  defining  the 

see  a  piece  of  rock  occupies  in  a  bulk.  This  packing 
volusce  can  be  obtained  using  Equation  X: 

p   G  ,     a 

where  G  .        -  ■         E;,. it  ion  XIII. 

.hen  dealing  with  bulk  den  Esther  type 

icific  gravity  for  a  rock  piece  based  on  ©acking  volume  V  laay  be 

P 

useful,  This  could  be  called  packing  specific  gravity,  6  .  If  W  is 

r 

the  dr;       of  a  rock  piece  and  V  is  its  packing  veluse,  then 

P 

G  -  |-  (WII) 

P   'F 

Numerically,  G  would  be  the  lowest  of  all  commonly  used  specific  gravity 

B  since  the  volume  includes  surface  voids <  It  would  be  constant 
for  o  of  rock,  but  would  vary  with  rock  siss  and  type 

because  surface  roughness  and  surface  ares,  which  are  functions  of  rock 
sise  and  type,  determine  surface  voids .  From  Equation  XvT  a  weight-volume 
relationship  for  a  number  of  particles  taken  together  is: 


£2 


gy-£\      %  (Will) 


If  a   given  total  packing  volume  Sv  (eay^a  V  •»  1G€©  cc)  of  a 
number  of  particles  of  any  of  ths  nine  individual  roek-sise  groups  were 
desired  and  designated  as: 

<  V  * V "  *Vrf 

than  the  total  weight  £  Fi  needed  to  give  these  constant  volutins  could 
be  calculated  using  Equation  XVII X.  It  is  apparent  that  generally: 

However,  if  identical  free  fell  or  vibratory  *'coaspaeti©n"  is  employed 
to  deasify  the  above  nine  batches  of  one  size   rock,  the  bulk  volumes 


¥„  will  be  equel  or 
& 

lBl          32 

••  -"'a. 

This  also  leads  to  the  conclusion  that  weight  per  unit  volume  of  these 
particles  will  be  different  depending  on  G  aed  the  type  of  coaspacaion. 
The  packing  volusans  concept  at  this  stage  of  development  permits  the 

calculation  of  "one~sise"  rock  weights  which  will  produce  identical  bulk 

9 
volumes  under  identical  coaapeetioa. 

Thus,  laboratory  findings  support  the  general  line  of  theoretical 

considerations  discussed  previously.  Angularity  did  not  prove  to  be  a 

distinctive  feature,  even  though  some  of  this  is  taken  cars  of  by  the 


9 

This  concept  is  also  expected  to  permit  the  prediction  of  flow  of  en 

aggregate  smiss  mixed  with  a  binder  and  subjected  to  load. 
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rugosity  factor  R.  Also?  shape  did  not  have  a  noticeable  influence. 
It  is  difficult  to  say  stitch  about  the  effects  of  Jr/s  ratios  larger 
than  BA,  since  the  rocks  used  did  not  exceed  this  value. 

In  this  study  the  particle  volume  distributions  used  were  rather 
narrow,  or  practically  one-volume.  It  is  apparent  that  mixed-volume 
particles  will  have  more  complex  packing  behavior.  Differences  will  be 
introduced  by  the  variations  in  rugosity  R  with  particle  volume  and   the 
relative  amounts  of  each  volume  fraction.  However,  it  is  expected  that 
tha  concepts  of  packing  volume  can  be  extended  without  ouch  difficulty 
to  the   case  of  multi-siae  particles  probably  down  to  the  filler  size. 
This  still  remains  to  be  demonstrated. 

The  iomadiate  practical  goals  behind  this  research  included 
consideration  of  aggregates  "grading"  close  to  those  used  in  "one-size" 
and  open-graded  mixes,  such  as  is  sometimes  the  case  in  subbase,  base 
end  possibly  binder  courses  for  highways.  The  following  translations 
into  practice  are  pertinent: 

a)  One- size  crushed  rock  and  one- size  rounded  gravel  of  identical 
sieve  sizes  are  not  identical  when  graded  by  volume.  Response  to  compaction 
and  service  parfors&ance  is  expected  to  be  different. 

b)  If  different  aggregates  were  graded  by  particle  volume,  vibratory 
compaction  in  thick  layars  should  require  identical  effort  and  their 
performance  may  not  be  greatly  different  provided  other  conditions 

were  similar. 

c)  If  a  binder,  such  as  asphalt  or  clay,  is  added,  rugosity  as  well 

as  lubricating  binder  has  to  be  considered  in  obtaining  identical  workability. 

d)  The  packing  volume  concept  appears  to  offer  promise  as  a  unified 
mix  design  approach  for  diverse  types  cf  aggregates  used  in  construction 
and  research  studies. 
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a)  Grading  by  sieve  sisa  is  expected  to  be  useful  for  obtaining 
aggregate  gradation  by  volune. 

CONCLUSIONS 

These  conclusions  ere  baaed  on  laboratory  measurements  and  analysis 
of  certain  crushed  limestone^,  crushed  gravel  and  rounded  gravel  aggregates 
of  three  particle  volumes:  h   ce,  ®*k   cc  and  0.0^  ec  (about  3/V5  3/8" 
and  1/8"  respectively).  Although  on  this  basis  several  important 
aggregate  variables  have  been  included  on  a  fairly  broad  scale  and  it 
is  probable  that  these  conclusions  can  be  applied  to  a  wider  range  of 
aggregates  than  those  studied;  extension  of  the  validity  of  the  findings 
beyond  the  specific  scope  of  this  study  remains  to  be  demonstrated. 

io  Particle  packing  volume,  the  volume  which  a  piece  of  aggregate 

occupies  in  a  mass  of  particles,  is  a  parameter  unifying  the  bulk  behavior 

the 
of /coarse  aggregates  tested. 

2.  Tl^e  packing  volume  can  be  quantitatively  defined  by: 
(a)  particle  geomaf.cy  and  "surface"  area^,  and 

rugosity  of  the  particle. 

3.  Rugosity  includes  primarily  surface  roughness,  some  accessible 
pores,  plus  souse  angularity  of  a  particle.  It  is  directly  proportional 
to  the  volume  of  a  given  rock  type. 

k-o     Geometry  of  irregular  particles  can  be  satisfactorily 
characterized  by  an  ellipsoid. 

5.  One  volume  ("sise")  ellipsoids  ideally  pack  like  spheres, 
giving  porosities  identical  to  those  of  spheres ?  regardless  of  sise 
and  dimensions. 


6.     The  three  rocks,,  with  three  sizes  eachj,  have  identical  porosities 
with  i^icl  m.1  pacfcia*  volu«8  £  V,  «., 

a)  poured  into  a  container  under  identical  conditions,;  or 

b)  compacted  by  vibratory  compaction  tinder  identical  conditions. 


The  authors  wish  t®  acknowledge  the  assistance  of  the  Bureau  of 
Public  Roads,  U.S.  Department  of  Transportation,,  Federal  Highway 
Administration  and  £hs  Indiana  Stats  Highway  Ccnaaifisian,  who  supported 
the  investigation. 

Laboratory  testing  was  carried  out  in  the  Bituminous  Materials 
laboratory  of  the  Joint  Highway  Research  Project  at  Purdue  University, 
Lafayette ,  Indiana. 


27 


1.  Gronhaug,  A.  Evaluation  and  Influence  of  Aggregate  Particle  Shape 
end  Form.  Statens  Veguesew  Veglabaratoriet,  Oslo,  Meddeleise  Nr  31, 
Oslo,  1967. 

2.  Mather,  Bryant.  Shape,  Surface  Texture  and  Coatings  of  Aggregates. 
U.S.  Army  Engineer,  Waterways  Experiment  Station,.  Corp®  of  Engineers, 
Vicksburg,  Mississippi,  Miscellaneous  Paper  So.  6-72.0. 

3.  Caudia,  A.M.  An  Investigation  of  Crushing  Phenomenon.  American 
Institute  of  Mining  and  Metallurgy  Engineers^  Vol.  73?  PP«  253-310, 


h*     Coghill;  W.  H.,  Holmes,  0.  W.  and  Campbell,  A.  B.  Determination 
of  Flakineas  of  Ores.  Report  of  Investigation  No.  2899?  W.S. 

Bureau  of  Mines,  1928. 

5.,  Skargeld,  F.  A.  A  Study  of  Granulators  Used  in  the  Production 
of  Eoadaaklng  Aggregates.  Read  Research  technical  Paper  No.  kht 
British  Road  Research  Laboratory,  1939* 

6.  Banning^  L.  Land  Lamb,  F.  0.  A  Vibratory  Screen  Surface  for 
Removal  of  Flat  and  Elongated  Pieces  from  Crushed  Stone.  Report 
of  Investigation  Ho.  37$!?  U.S.  Bureau  of  Mines,  September  19^9  • 

7*  Wadeli,  Hakon*  Volume,  Shape  and  Roundness  of  Rock  Particles „ 
Journal  of  Geology,  Vol.  *t0,  pp.  khS-kjl,   1932. 

8c  ¥adell,  Hakoa.  Sphericity  and  Roundness  of  Rock  Particles 0  Journal 
of  Geology,  Vol,  kl9   pp.  310-331?  1933- 

9.  Zingg,  T.  Beitraa  far  Schottersnalyse,  Scht^eia  Ml-ieal.  Petrog. 
Mitt.  15,  PP.  39-!1*©?  1935. 

10.  British  Standards  Institution,  Methods  of  Sampling  and  Testing  of 

Mineral  Aggregates.  Sands  and  Fillers.,  British  Standard  812,  pp.  134-136, 


11.  Definitions  of  Terms  Relating  to  Concrete  and  Concrete  Aggregates. 
ASM  Designation  C  125=58,  ASM  Standards,  Part  U,  19fig. 

12.  Mackey,  R.  D.  The  Measurement  of  Particle  Shape*  Civil  Engineering 
scd  Public  Works,  Vol.  63,  No.  703?  W*   211-214,  1965. 

13.  Pettijohn,  F.  J.  Sedimentary  Rocks.  Harper  and  Brothers,  New  York, 
New  York,  526  pp.  (19^9) • 

1^.  Wentworth,  C.  K.  A  Method  of  Measuring  and  Plotting  the  Shapes  of 
Pebbles.  Bulletin,  U.S.  Geologic  Survey,  No.  730,  pp.  91-102,  1922. 

15,  Wadell,  H.  Volume,  Shape  and  Roundness  of  QjartxFar  tides.  Journal 
of  Geology,  Vol.  k$,   pp.  25©-28©  1935« 


l6«  Knuabeia,  18.  C.  and  Sloss;  L.  L.  Stratigraphy  and  Sedimentation,, 

$.  H.  Fresmaa  sad  Company,,  San  Francisco ^  California,  497  pp.,  1951. 

17.  Bikeraaaj  J.  J.  The  Science  of  Adhesive  Joists.  Acadetaie  Press , 

18.  Broadstoa-  J.  A.  Surf  ass  Finish  Measuresaeat  Instrumentation, 
lastrtsaignts .  April  and  June,  1959* 

19«  Mikelstoa,,  ¥.,     Surface  toughness  MsssuKessants  of  Inspection. 

Conference  of,   Instrussent  Society  of  ABssrica.,  Pittsburgh^  Pennsylvania^ 


20.-  Herschssssnti,  E.  K.  Technical  Ke»s  Bulletin.  National  Bureau  of 
Standards,,  Vol.  31 ,  Ro.  3,,  March  29,,  19^7. 

21.  Iriege,,  E.  F.  Mineral  Composition  of  Aggregate©*  Report  on 

Significance  Tests  ©f  Concrete  and  Concrete  Aggregates ,  2nd  Ed., 
p.  152,  19^3  («lso  as  ASTM  STF  So,  22-A). 

22*  Blanks,,  R.  F.  Modem  Concepts  Applied  to  Concrete  Aggregates. 
Transactions^  i^^cl&ua  Society  cf  Civil  Engineers.,  Vol,  115. 
p.  **03,  1950 '. 

23 •  Adaason,  A.  W«  Physical  Chemistry  of  Surfaces.  Xnterscience 
Publishers,  Third  Printing,  196**. 

24.  Beresi^v'icsj  H.  Geometry  of  a  Granular  Mass.  Advances  in  Applied 
Mechanics,  Vol.  V,  1958. 

25 o  D'Appolonia^  D.  J.  3e termination  of  the  Masisauia  density  of  Cohesionless 
Soils.  Advanced  copy  of  a  paper  for  the  Third  Asian  Regional 

Conference  on  "Soil  Mechanics  and  Foundation  Engineer lag,"  I967. 

26.  BikertEan,  J.  J.  Adhesion  of  Asphalt  to  Stone 0  Massachusetts 

Institute  of  Technology,,  Civil  Engineering,  Research  Report^  R6^»3* 
196^. 

27«  Soloasb  and  Shanks.  Elements  of  Ordinary  Differential  Equations. 
McGraw-Hill ,  I965. 


29 


^0 


in 

x 

^— 

o> 

c 

V) 

tn 

.c 

■*- 

a> 

^_ 

c 

.— 

0) 

c 

3 

*- 

ro  \ 

- 

: 

3 

<&      \ 

CO 

II 

O 
en 

00 

"O 
O 

a. 

> 

C0 

a 

i» 
a 

3 

cr 
n 

o 

in 

■— 

0> 

x: 

N 

— 

c 

CP 

HI 

(0 

c 

(A 

0) 

c 
o 

a 

o. 

*■ 

C£ 

c 

— 

-D 

OT 

3 

a> 

"O 

in 

O 

II 

0 

in 

en 

■S^J 

in 

CD 

O. 

E 

<u 

ai 

&-I 

— 

ro 

o 

L. 

o 

in 

-C                      >v                                             \ 

t 

o 

*H- 

O 

o>                       \                             \ 

Q_ 

<n 

n 

c                             \                               \ 

a>                            \ 

<4- 

E 

3 

e 

•-                                   \ 

ro 

o 

O 

> 

CSJ 

c                                        \ 

a> 

10 

ii 

tn  -^. 

S^~ 

I                            \ 

£ 

3 

a 

o 

^\ 

2                            \ 

&0 

j^E                          \ 

cvj 

O 

> 

CD 

1*. 

\ 

O 

> 

V  >j 

a> 

1              1 

1 

1              1              1 

1           ^ 

o 

\- 

ou 

a) 

k. 

3 

q 

00                        IX>                      *t 

CJ 

(SMlBuai     4iun 

Uj    S) 

p ;os d j 1 13      jo    ucusuauna 

MOLIS 

Rounded    Gravel,  4cc 
RG-4 


Crushed     Gravel ,  4Cc 
CG-4 


Crushed     Limestone,  4  cc 
CL-4 


Rounded     Gravel,  0.4cc     Crushed    Gravel,   0.4cc 
RG-0.4  CG-0.4 


Crushed     Limestone,  0.4cc 
CL-0.4 


Rounded    Gravel ,  0.04cc      Crushed     Gravel  ,  0.04  cc       Crushed      Limestone  ,  0.  04Cc 
RG-0.04  CG-0.04  CL~0.04 

I 


Figure    3.      Types    and  sizes  of   rocks   used  in  this  study 
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VXBR&TC&K  CCtmCfWB  EQUATION 


^O 
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x  °  A  sin  wt,  where  %?  and  e  are  angular  velocity  and  tioss,  respectively* 


dK 


°»  Ah  cos  w 


dx 


»  Aw  siu  w  t 


for  peak  acceleration  oaly. 


dx 


,2 


acceleration  is  g"s  ■  t   /g  s*  & 
„  w2A  „(g*£)  2A    „  kn2£2A 


f2» 


f         «" 


,1©S& 


if     f  »  20  cps,     a    «  1.5  ges 


amplitude  should  fee  A 


M (0.103) 


,036k  ischee 


PGK0SXT2  OF  PACKED  CHE-SX2E  ELLIPSOIDS 


(a)     SUipeojLda  in  "Cubical51  Packing 
As  seen  from  Figure  11  part  (a); 


n  «•  1  -      4     €ms  (J  x  -  a  -)         «  .^76  or  ^7.6$ 

6  £      bi      s'  ' 


(D)     glllpsoi^p,,,  la,  "CubtC'TeSrahedrar^agklgji 
As  seen  from  Figure  11  part  (b) ; 


,  1L     A         i\  I        1*, 


Z    «"■  V?  *  "  S  s ' 

*"  as 
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£2  2       *  y       It 
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Substituting  y 


g       _    J, 
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(c)     Ellipsoids  in, "Dense"  Backing 
As  seen  from  Figure  11  part  (c) ; 

-££=»  +  -KL=  b  i     fGr  the  left  lower  corner  ellioaoid .     Also 
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y,s  2      y  *  s<~ 

1         m  12 


Substituting  z   in  the  equation  above 
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Hypothesis:  Tfra  'porosities  a  o£  all  10  batches  ars  the  saise. 
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Hypothesis:     The  porosities  a  of  all  10  batches  are  the  seae. 
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